A genomic region between D1Wox8 and D1Rat90 on rat chromosome 1 was previously shown to be linked to intramuscular fat accumulation by quantitative trait locus (QTL) analysis using a F 2 population derived from the Otsuka Long-Evans Tokushima Fatty (OLETF) rat, which exhibits an increase in the levels of intramuscular fat content in Musculus longissimus, and the F344 rat. There exist two regions showing major and minor lod peaks for linkage to intramuscular fat accumulation, in the chromosomal region. We constructed a congenic strain introgressing the OLETF allele on the minor but not the major lod peak region in the F344 rat strain. The congenic strain had higher levels of intramuscular fat content in Musculus longissimus than the inbred partner F344 rat, thereby proving the existence of a QTL, designated Imfm (for Intramuscular fat-minor), responsible for the intramuscular fat accumulation in the congenic region of the minor lod peak region of about 10 cM. The F344.OLETF-Imfm congenic strain might provide a refined tool for the analysis of the gene causing intramuscular fat accumulation. Key words: congenic strain, intramuscular fat, OLETF rat, QTL lation [3, 5] . Our previous study [8] demonstrated that the Otsuka Long-Evans Tokushima Fatty (OLETF) rat, an animal model for obese type 2 diabetes [1], exhibits higher levels of intramuscular fat content in Musculus longissimus than the F344 rat. Further, it has been shown that a genomic region between D1Wox8 and D1Rat90 on chromosome 1 influences intramuscular
Introduction
Intramuscular fat, so called marbling, is an important factor for evaluation of beef quality, and intramuscular fat accumulation is the main target of the beef industry, particularly in Japan. It has been known that genetic predisposition is involved in intramuscular fat accumu-fat content, with the OLETF allele acting on an increase in fat content, by quantitative trait locus (QTL) analysis using F 2 progenies derived from the OLETF and F344 rats [8] . The chromosomal region harbors two regions between D1Rat123 and D1Mit7 and between D1Rat166 and D1Rat90, respectively, showing major (maximum lod score of 3.4) and minor (maximum lod score of 2.5) lod peaks for linkage to intramuscular fat accumulation [8] , suggesting the existence of at least two QTLs in the D1Wox8 -D1Rat90 region. The major lod peak exceeds a lod score of 2.8, the genome-wide threshold for statistical establishment of linkage, but not the minor lod peak [8] . Thus, while the former peak is declared suggestive QTL, there is no statistical evidence for the existence of a QTL in the latter peak region.
In this study, to clarify the existence of a QTL, designated Imfm (for Intramuscular fat-minor), responsible for intramuscular fat accumulation in the minor lod peak region, we established a congenic strain trapping the OLETF allele of the minor but not the major lod peak region on the F344 genetic background, in a monogenic context.
Materials and Methods

Animals
An inbred strain of the OLETF rat was established in the early 1990s [1] and has been maintained for more than 40 generations by sister-brother mating at the Tokushima Research Institute, Otsuka Pharmaceutical Co., Ltd. (Tokushima, Japan). Inbred F344 rats (F344/ Crj) were obtained from Charles River Japan, Inc. (Yokohama, Japan). All rats were kept under specific pathogen-free conditions. The temperature (21 ± 2°C), humidity (55 ± 5%), and air conditioning were all controlled. Rats had free access to tap water and standard laboratory chow (CRF-1; Oriental Yeast, Tokyo, Japan) and were maintained on a 12-h light and dark cycle (6 am/6 pm).
For congenic breeding, female OLETF and male F344 rats were crossed to yield F 1 progeny, the males of which were backcrossed to female F344 rats to produce the first generation. Subsequently, five generations of backcross matings were made between male progenies selected as shown below and female F344 rats. Rat tails were cut and frozen at -80°C for subsequent isolation of high-molecular-weight DNA. Microsatellitebased genotyping [2] of each generation was performed by tail biopsy DNA to select the best male which harbored heterozygotes at D1Rat166 and D1Rat90, which demarcate the minor lod peak region on chromosome 1 (Fig. 1) . The highest F344 background genome replacement rates in the remaining genome region contained the major lod peak region demarcated by D1Rat123 and D1Mit7 (Fig. 1) . The marker-assisted congenic breeding [2] was performed using 146 markers covering all chromosomes, with an average spacing of 14.3 cM (corresponding to about 1,797 cM in total) [10] . As to the markers on chromosome 1, GRM1, D1Mgh2, D1Rat15, D1Wox3, D1Mit20, D1Rat32, D1Rat43, D1Mgh26, D1Wox8, D1Rat123, D1Mit7, D1Rat81, D1Rat166, and D1Rat90 were used for the congenic breeding (Fig. 1) . Marker primers were purchased from Research Genetics, Inc. (Huntsville, AL), and polymerase chain reaction (PCR) and gel electrophoresis of markers were performed as described previously [4, 6] . After five backcrosses, a new congenic strain was maintained by a standard brothersister mating protocol to render a segment demarcated by D1Rat166 and D1Rat90 homozygous for the OLETF allele.
Phenotype evaluation
Male rats were used for phenotype evaluation. While the male OLETF rat possesses ~2.4-fold higher levels of intramuscular fat content in Musculus longissimus than the male F344 rat (Table 1) [8] , no difference in the levels is detected between OLETF and F344 rat females (0.47 ± 0.05 mm 2 for OLETF and 0.43 ± 0.15 mm 2 for F344). Thus, using males was assumed to exclusively facilitate the detection of the quantitative difference of intramuscular fat content between the congenic and inbred partner strains. Male rats were sacrificed under deep anesthesia at 35 weeks of age. Immediately after exsanguination, the first to third lumbar region of Musculus longissimus was removed from the right side of the carcass and rapidly frozen in dry ice-cooled isopentane. Five serial coronal sections (6 µm thick) were obtained at intervals of 180 µm from frozen Musculus longissimus, and the sections were stained with Oil Red O to detect the presence of lipid droplets in adipocyte cytoplasm. The section area, occupied by cells positive for Oil Red O staining, were measured in a given area (1 cm 2 ) using the MacSCOPE computer program. The fat staining-positive area expressed as an absolute value or as a percentage of the body weight was used as the phenotypic value of the level of intramuscular fat content. The body weight was measured before the sacrifice of rats. This study conformed to the guidelines for the care and use of laboratory animals of Kyoto University.
Statistical analysis
Phenotypic comparisons for different genotypic groups including the donor OLETF, the inbred partner F344, and the congenic strains were performed using analysis of variance (ANOVA) with a post hoc test using Scheffe's F test (StatView, SAS Institute, Inc., Cary, NC).
Results
By means of the marker-assisted congenic breeding, we have constructed a congenic strain, F344.OLETFImfm, which was OLETF-homozygous at D1Rat166 and D1Rat90 on the F344 genetic background. The introgressed region in the congenic strain was defined as a ~10 cM interval which corresponds to the minor lod peak region containing Imfm QTL on chromosome 1, but not the major lod peak region bordered by D1Rat123 and D1Mit7, as shown in Fig. 1 .
We stained the coronal sections of Musculus longissimus from OLETF, F344 and the congenic rats with Oil Red O. The section area size, occupied by cells positive for Oil Red O staining, in the congenic rats was visually intermediate between those of OLETF and F344 rats (Fig. 2) , suggesting an increase in the levels of intramuscular fat content in Musculus longissimus of the congenic strain over against F344 rats.
Only males, 35 weeks of age, from the 7 donor OLETF, the 7 inbred partner F344, and the 6 congenic rats were phenotyped for the levels of intramuscular fat content, that is the fat staining-positive area expressed as an absolute value or as a percentage of the body weight ( Table 1 ). The fat staining-positive area as an absolute value was increased and decreased in the congenic rat, as compared with the F344 and OLETF rats, respectively, and both the differences in the changes were statistically significant (P<0.05) ( Table  1 ). The distribution of the fat staining-positive area as a percentage of the body weight showed a similar trend to that expressed as an absolute value in the three genetic groups of the donor, inbred partner, and congenic rats, and both the differences between the congenic and OLETF or F344 were statistically significant (P<0.05) ( Table 1) . These results indicate an increase in the levels of intramuscular fat content in Musculus longissimus of the congenic strain over F344 rats.
Discussion
In the present study, we demonstrated a new congenic strain, F344.OLETF-Imfm, placing a high-fat-content allele of intramuscular fat accumulation QTL, Imfm, in the minor lod peak region on chromosome 1 from the OLETF rat in the context of the F344 background. This study proves the existence of the Imfm QTL. The intramuscular fat accumulation effect of this QTL, defined as the increment of the levels of intramuscular fat content in Musculus longissimus of the congenic F344.OLETF-Imfm compared to the F344 recipient strain (at 35 weeks of age), was 0.84 mm 2 for the fat staining-positive area and 0.92 × 10 -3 mm 2 /g for the fat staining-positive area/body weight ( Table 1 ). The difference in the levels of intramuscular fat content in Musculus longissimus between (OLETF × F344) F 2 progenies, in our previous QTL study [8] , homozygous for the OLETF high-fat-content alleles and for the F344 low-fat-content alleles at the D1Rat166 marker closest to the maximum lod position in the minor lod peak region was in the range of 0.79 mm 2 for the fat staining-positive area (data not shown). Further, the difference for the fat staining-positive area/body weight was shown to be in the range of 1.01 × 10 -3 mm 2 /g (data not shown). Thus, the data obtained for the congenic strain is consistent with the data estimated using a F 2 population, in terms of the size of the effect of Imfm on intramuscular fat accumulation. This indicates that Imfm exerts a main effect independent of genotypes at the other loci in a monogenic context on intramuscular fat accumulation. Additionally, the difference in the levels of intramuscular fat content between OLETF and F344 rats is in the range of 1.92 mm 2 for the fat staining-positive area and 1.39 × 10 -3 mm 2 /g for the fat staining-positive area/body weight (Table 1) . Thus, the proportion of the fat content difference, explained by Imfm genotypes, estimated from congenic strain and F 2 populations is respectively ~44% and ~41% for the fat staining-positive area, and ~66% and ~73% for the fat staining-positive area/body weight. The minor and major lod peak regions, respectively, are thought to harbor the genes showing minor and major effects on intramuscular fat accumulation. However, it will not be clear whether the hypothesis is correct or not, until a congenic strain introgressing the OLETF allele on the major but not the minor lod peak region into the F344 strain is constructed and phenotyped for intramuscular fat content. We are going to progress an analysis using the congenic strain on the major lod peak region. The F344.OLETF-Imfm congenic strain exhibited an intermediate value between the OLETF and F344 rats in body weight (Table 1) , indicating an increase in body weight of the congenic strain over F344 rats, and proving the existence of a QTL responsible for body weight in the minor lod peak region. This result is consistent with the result of our previous QTL study with (OLETF × F344) F 2 progenies, in which the minor lod peak region between D1Rat166 and D1Rat90 showed a linkage to the body weight with a maximum lod score of 3.9 [11] . Furthermore, the QTL analysis showed that the region has an effect on plasma glucose levels with a maximum lod score of 3.8 [11] . However, the existence of a QTL responsible for plasma glucose levels in the minor lod peak region was not proved by analysis of the F344.OLETF-Imfm congenic strain (data not shown). The reason for this discrepancy is unclear.
Our previous QTL study [8] reported that a physiologically relevant candidate gene suggested by the human and mouse genome regions homologous to the genomic region between D1Wox8 and D1Rat90 on rat chromosome 1 is the adrenergic alpha-2A-receptor (ADRA2A) locus, which has been shown to associate with the trunk to extremity skinfolds ratio [7] . The ADRA2A locus is located between D1Rat166 and D1Rat90, both of which are terminal markers for thẽ 10 cM congenic region targeted in this study, on the rat radiation hybrid map [9] . Thus, our present study on the congenic strain still rules ADRA2A as the candidate gene. Finally, it is important to note that the F344.OLETF-Imfm congenic strain produced here may provide a more refined tool for analyzing the gene causing intramuscular fat accumulation on chromosome 1.
